Abstract
size of the vent depends on the region of overpressure accessed by the sill tip. Overpressure migration 21 occurs in self-propagating waves before dissipating at the surface. The amount of methane generated in 22 the system depends on TOC content and the type of kerogen present in the host rock. Generated 23 methane moves with the fluids and vents at the surface through a single, large vent structure at the 24 main sill tip matching first-order observations. Violent degassing takes place within the first couple of 25 hundred years and occurs in bursts corresponding to the timing of overpressure waves. The amount of 26 methane vented through a single vent is only a fraction (between 5 and 16%) of the methane generated 27 at depth. Upscaling to the Vøring and Møre Basins, which are a part of the North Atlantic Igneous 28
Province, and using realistic host rock carbon content and kerogen values results in a smaller amount of 29 methane vented than previously estimated for the PETM. Our study, therefore, suggests that the 30 negative carbon isotope excursion (CIE) observed in the fossil record could not have been caused by 31 intrusions within the Vøring and Møre Basins alone and that a contribution from other regions in the 32 NAIP is also required to drive catastrophic climate change. sedimentary strata. The understanding of this process is of importance not only to the scientific 56 community but also to the industry as it can significantly affect petroleum exploration in volcanic basins 57 (Monreal et al., 2009) . 58
Two main overpressure mechanisms have been proposed to explain the formation of sill-associated 59 hydrothermal vent complexes. The first mechanism suggests that boiling of pore fluid within the thermal 60 aureole of the intruding sill and the release of additional fluids during metamorphic dehydration 61 reactions would result in a large volume increase, thereby increasing the fluid pressure (Jamtveit et al., 62 2004) . Hydrofracturing occurs once the fluid pressure exceeds the lithostatic and results in the 63 formation of a vent. However, this mechanism would be limited to the upper 1 km of the sedimentary 64 basin where pressures allow for the boiling of pore fluids. The second mechanism suggests that fluidoverpressure may be generated by the release of various gases such as CO 2 , SO 2 and halocarbons during 66 metamorphic dehydration reactions . Generation of large quantities of gaseous 67 hydrocarbons such as CH 4 could result in large overpressures triggering catastrophic blowouts (Aarnes et 68 al., 2012) . 69
In a previous study, Iyer et al. (2013) developed a numerical model for a single generic sill that 
Thermal Maturation and Methane Generation

129
We use two different methods to calculate the amount of methane generated during thermogenic 130 breakdown of organic material in sediments. The previously used, first method is generic and is based 131 on a simple conversion of thermal maturity to methane generation Iyer et al., 132 2013) . Except for TOC content, this method does not account for any other sediment property and 133 assumes a maximum of 85% TOC conversion to hydrocarbons. The second, more robust method is 134 widely used within the petroleum industry to determine hydrocarbon generation and is based on the 135 organofacies concept (Pepper and Corvi, 1995a, b; Pepper and Dodd, 1995) . This method takes the 136 depositional environment of the sedimentary layer into account and accordingly categorizes the 137 kerogen that constitutes TOC available for hydrocarbon generation. 138
Generic Method 139
Vitrinite reflectance is a widely used indicator of thermal maturity and can be readily measured in the 140 field. One of the most common methods used to calculate the synthetic thermal maturity of the source 141 rock is the EASY%Ro method put forward by Sweeney and Burnham (1990) . This model uses 20 parallel 142
Arrhenius-type first order reactions to describe the process of kerogen breakdown due to temperature 143 increase and the reacted fraction of kerogen (F) and corresponding vitrinite reflectance (%Ro) can be 144
determined. 145
The amount of TOC that has reacted can be calculated by 146
and the rate of organic matter degradation R om by 148
We assume that all of the hydrocarbons released are converted into methane if the maturity of the 150 affected rock is within the gas window (%Ro>1). The amount of methane generated (R CH4 ) for a time 151 step affects the fluid pressure and is given by 152
where m ch4 is a stoichiometric conversion factor to transform carbon into methane. 154 155
Kerogen-based Method 156
This method uses kerogen kinetic parameters based on the gross depositional environment and 157 stratigraphic age of the sedimentary layer (Pepper and Corvi, 1995a) . Five kerogen organofacies are 158 characterized: A -aquatic, marine, siliceous or carbonate/evaporite of any age; B -aquatic, marine, 159 siliciclastic of any age; C -aquatic, non-marine, lacustrine of Phanerozoic age; D/E -terrigenous, non-160 marine, ever-wet, coastal for Mesozoic and younger age; and F -terrigenous, non-marine, coastal of 161 late Paleozoic and younger age. Hydrocarbons are divided into initial petroleum present in the rock 162 defined by the S1 values from pyrolysis and the amount of total kerogen present. The total amount of 163 kerogen can be subdivided into reactive and inert kerogen. Inert kerogen does not produce any 164 petroleum products. The amount of reactive kerogen is given by the S2 pyrolysis yield and is known as 165 the hydrogen index (HI) when normalized to the TOC content. The reactive kerogen can be further 166 subdivided into oil-and gas-producing kerogen based on the ratio (GOGI) or fraction (G 0 ) of the C 1:5 and 167 C 6+ products. Kinetic parameters such as the activation energies and frequency factors for the reactions 168 are different for oil and gas kerogen fractions. The amount and rate of reaction occurring during thermal 169 breakdown of kerogen is described by an Arrhenius-type of equation. Secondary cracking of generated 170 oil to gas takes place as temperatures reach higher values and is described by another set of activationenergies and frequency factors (Pepper and Dodd, 1995) . Generated oil and gas are adsorbed onto the 172 remaining kerogen present in the source rock and expulsion of these products occurs once a maximum 173 threshold is reached (Pepper and Corvi, 1995b) . The thresholds for oil and gas expulsion are 100 and 20 174 mg/g kerogen, respectively. The models in this study assume that all of the expelled gas from kerogen 175 breakdown is methane as it makes up the bulk of the gas released during this process (Tissot and Welte, 176 1984) . Gas generated by this method (R CH4 ) is also included in the fluid pressure equation. 177 The increase in permeability is capped to a maximum value of 10 -12 m 2 , comparable to the permeability 204 of porous sandstones and in hydrothermal vent structures (Wilcock and McNabb, 1996) . Rock 205 permeability is returned to the initial value as fluid pressure drops using the same function. An exponential curve fitted to the sonic log derived porosity gives the relation of porosity in the 222 sedimentary strata with depth ( Figure 3B ). 223
Rock permeability is related to porosity and is described by a simplified Kozeny-Carman equation (Costa, 225 2006) , 226
where k 0 is the reference permeability. 228
The bottom boundary has a heat flux boundary condition that results in 35°C/km geotherm once 229 temperature steady-state is reached in line with the measured vitrinite reflectance in the region ( Overpressure is produced around sills where large volumes of gas are generated by thermal cracking of 285 organic matter in the host sediments. The overpressure produced above the sills is dissipated upwards 286 in most regions except for the region between sills and near the left boundary as it cannot escape either 287 upwards through the impermeable sill or through the left boundary. Overpressure generated below the 288 sill cannot dissipate upwards through the sill and, therefore, migrates along the sill until the tip is 289
reached. This migration happens in waves and is due to the implemented fracture mechanism. 290
Overpressure is reduced where fractures are generated which in turn drives fluid flow into this region 291 resulting in increased fluid pressures and continued fracturing. This mechanism, therefore, self-292 generates fluid pathways until the overpressure wave reaches the surface and leaves the system. This 293 process restarts once sufficient overpressure is built up again due to kerogen breakdown resulting in the 294 observed waves. The main sill tip acts as the main focusing point for the vast amounts of overpressure 295 generated over the large area under the main sill and results in the formation of the vent structure 296
there. The width of the vent formed at the main sill tip is approx. 1 km. The sill tips in other areas only 297 access small areas of overpressure and therefore do not form large, sustained vent structures. Very 298 small, transitional plumes are also formed close to the sill boundaries where overpressure generates 299 increased permeability. The model with a reference permeability of 10 -15 m 2 recreates the single, 300 sustained vent structure observed at the main sill tip for the case study which forms within few tens of 301 years of sill emplacement and is used as a base model for further simulations (Figure 6) . 302 303
Effect of TOC Content
304
The model presented in section 5.2 successfully recreates the observed vent at the main sill tip. We use 305 it in this section to investigate the effect of TOC content on the amount of methane generated within 306 the contact aureole and its subsequent release at the surface. Transport of generated methane occurs 307 with the fluid velocity using the FVM model. Four models are presented here where the TOC content of 308 the Lower Cretaceous sediments is varied between 1.4, 2.5, 3.5 and 5 wt% TOC. The amount of methane 309 generated by thermal breakdown in the sill aureole using the generic method increases linearly with 310 increasing TOC content and ranges between 680 and 2670 Kt ( Table 2 ). The value for the model with 1.4 311 wt% TOC is much higher than value for the reference simulation with the same setup except fracture 312 generation. This is because intense fracturing quickly (within the first 30 years) drives hot fluid towards 313 the edge of the thermal aureole, thereby rapidly expanding it. Thus, energy that would be otherwise lost 314 in heating sediment with dead carbon as the aureole slowly expands heats sediment that is colder and 315 further away liberating more methane. This is also reflected in the rate of methane generation that 316 shows a distinct second peak after the initial thermal shock that corresponds to fracture generation and 317 the outwards flushing of hot fluids. The methane transported through the vent and released at the 318 surface increases non-linearly with increasing TOC content ranging from 70 to 420 Kt. The amount of 319 methane vented relative to that generated in the system increases slightly from 10 to 16% for increasing 320 TOC (Figure 7 ). Rapid methane release at the surface takes places within the first few hundred years. 321
Vent formation and initiation of methane degassing occurs within the first 40 years for all models (Figure  322   7 ). In the model with 1.4 wt% TOC content, most of the violent degassing occurs between 40 and 100 323 years after sill emplacement during which approximately 50% of the total vented methane is lost. The 324 rest of the methane is released at a much slower rate into the atmosphere through the rest of the 325 10,000 years of simulated time. Models with higher TOC contents show similar trends with half of the 326 total methane vented lost in initial bursts while the rest is slowly vented at the surface. The time over 327 which these initial bursts last increases to 200 years for TOC contents of 3 and 5 wt% as a larger amount 328 of generated methane migrates towards the vent and is outgassed at the surface. The number of bursts 329 in the initial phase increases with increasing TOC content and is due to the number of overpressure 330 waves generated by gas released during kerogen breakdown. Increased gas generation corresponding to 331 higher TOC content results in increased overpressure over a larger period of time. This results in an 332 overall increase in the number of overpressure waves in the system. The time between methane 333 outbursts at the surface is dependent on the time taken for overpressure waves to be generated, travel 334 along the bottom of the sill and through the vent to subsequently degas at the surface. 335 336
Effects of Kerogen-type
337
The models presented in the previous section use the generic method to determine the potential 338 amount of methane that can be generated by thermal degradation of organic matter. This method 339 assumes a maximum transformation of 85% of the total TOC content to hydrocarbons during the 340 heating process while the remaining 15% is inert and does not contribute to hydrocarbon production. 341
However, the yield of hydrocarbons from the organic content present in the sedimentary layer is closely 342 linked to the prevailing conditions during deposition of sediments (Pepper and Corvi, 1995a) . In order to 343 further constrain methane generation linked to sill emplacement, the models are adjusted such that the 344 kerogen-type is accounted for in this section using the method outlined in section 3.2.2. The rest of the 345 parameters are the same as the base model used in the previous section with TOC content of 1.4 wt%. 346
The oil phase in this system is not transported away from the contact aureole with the fluid and 347 undergoes secondary cracking. The models, therefore, predict the maximum amount of methane that 348 can be generated for a given kerogen type under the prevailing thermal conditions. 349
The methane generation potential in the system depends directly on the HI and TI of the kerogen, i.e. 350 the amount of reactive kerogen and initial crackable oil present in the system. The total amount of 351 methane generated in the models ranges from 100 to 360 Kt for organofacies F and B, respectively, for a 352 TOC content of 1.4 wt% ( Table 2) Our study investigates both of these systems while also implementing rapid vent formation driven by 370 fracture generation. We use the Harstad Basin case-study as an analogue for a typical sill complex with a 371 single vent structure. Overpressure is generated by gas release during the thermogenic breakdown of 372 organic matter in the thermal aureole around the sill. This overpressure is rapidly dissipated and cannot 373 be sustained in systems with high permeability. In low permeability systems, this overpressure does not 374 readily dissipate and results in sustained rock fracturing. Overpressure generated above sills migrates 375 quickly upwards towards the surface and is depleted if no other barrier exists. Overpressure generated 376 below the impermeable sill travels towards the sill tips and subsequently migrates upwards. The 377 generated overpressure travels in a wave-like pattern due to the fracture mechanism which creates its 378 own permeability for fluid and pressure to flow into resulting in increased pressure before dissipation. 379
Fluid and overpressure focusing at sill tips results in vent formation there in few tens of years. The 380 vertical extent of the vent formed at the sill tips depends on the amount of overpressure and fluid 381 migrating towards it. As a result, a single, sustained vent is formed only at the main sill tip in the case 382 study from the Harstad Basin due to access to the large amount of overpressure generated in the entire 383 area below the main sill. Only a fraction of the methane released by kerogen breakdown, between 10 384 and 16%, is released through a single vent over a period of 10,000 years. Violent methane degassing 385 through the vent initiates as soon as 30 years after sill emplacement and lasts over the first couple of 386 hundred years. Bursts of methane coinciding with overpressure waves are vented at the surface during 387 this initial period. The number of methane outbursts increases with increasing TOC content as the 388 amount of generated overpressure increases. The total amount of methane generated in the model 389 ranges from 680 to 2670 Kt for TOC content of 1.4 and 5 wt%, respectively, using the generic method to 390 calculate methane release. This number is drastically reduced if the organofacies method is used astypical amounts of reactive kerogen are lower. It ranges from 100 to 360 Kt for F-and B-type 392 organofacies, respectively. The amount of vented methane also correspondingly decreases to 5 to 10% 393 of the generated amount. 394 395 Møre Basins. The area covered by sill complexes in these basins has been estimated to be around 85,000 404 km 2 ).In the current study, we determine the likely methane fluxes at the 405 paleosurface in low permeability systems where vent formation at sill tips is the process that drives the 406 out-flux of gases from the subsurface into the atmosphere. The modeled sill complex and associated 407 vent is used as a template in sections 6.2.1 to 6.2.3 for upscaling gas generation and venting values using 408 the two different methods outlined in section 3.2 thus providing a range for the Vøring and Møre Basins. 409 A more realistic estimate that accounts for sediment properties in these basins is presented in section 410 6.2.4. It should be noted that the upscaled values assume that the sills were emplaced instantly within 411 the entire basin. However, large uncertainties remain regarding the overall emplacement timing of large 412 scale sill complexes which could span hundreds of thousands to millions of years (Jourdan et al., 2008 ; 413
Climate Effects
Basin-Scale Estimates of Methane Generated 415
The total sill length in our model is approximately 50 km when all of the sills in the complex are taken 416 into account. The modeled amount of methane generated in sediment with a TOC content of 1.4 wt%, 417
representative of the intruded Cretaceous sediments in the region, is 680 Kt using the generic method 418 which assumes a maximum of 85% of TOC conversion. This value can be upscaled using the total 419 modelled sill length, the modeled amount of generated methane and the area of the basin affected by 420 sill complexes and results in a basin-scale methane generation potential of 1156 Gt ( Table 2 ). The 421 upscaled value decreases to between 170 and 612 Gt, depending on kerogen type, for a TOC content of 422 1.4 wt% when the organofacies method is used. 
Conclusions
473
The 2D FEM/FVM model presented here provides insight into the effect of sill intrusions on hydrocarbon 474 maturation and migration in low permeability systems. Although 3D multiphase models with an accurate 475 CH 4 -H 2 O EOS and realistic fracture mechanics will help to further constrain these results, our model 476 highlights the factors controlling methane venting while also successfully recreating observations and 477 allows for easy upscaling to the basin scale. Overpressure is rapidly generated by gas generation within 478 the sill thermal aureole by thermogenic breakdown of kerogen. This overpressure is sustained only in 479 relatively low permeability systems and generates fractures around the sills. Vents are formed at sill tips 480 due to fluid focusing and overpressure migration along the bottom of the impermeable sill till it reaches 481 the tip. These vents are small at most of the sill tips as they only access a relatively small area over which 482 overpressure is generated. A large, sustained vent is produced only at the main sill tip as the amount of 483 overpressure generated below the sill is large and requires a relatively longer period of time to migrate 484 towards the sill tip (ca. 1000 years) before it dissipates. The model, therefore, predicts the formation ofan 'explosive' vent structure at the main sill tip in the investigated sill complex in the Harstad Basin. It 486
shows that only a fraction of the methane generated at depth escapes through a single vent. 
